Introduction
The ability to manipulate electronic and magnetic signals is at the heart of our information and communication technology. Today the information processing relies on our ability to process electric signals, while data storage is built on manipulating magnetic moments.
Devices that can provide control over both charge and spin signals could open up new prospects for future electronics. Graphene has emerged as a material with strong potential for both electronic and spintronic applications 1, 2 . The presence of a band gap in the electronic band structure is crucial in order to enable digital electronic applications, conventionally based on devices such as field-effect transistors (FETs). Due to the absence of a band gap in 2D graphene sheets, several strategies have been proposed to enable the complete depletion of charge carriers, and therefore a leakage free OFF state of the transistor. Among these approaches the scientific attention quickly turned towards graphene nanoribbons (GNRs), narrow stripes of graphene, as promising candidates for low-dimensional FETs with increased I on /I off ratio 3, 4, 5 . The operation of early GNR FET devices fabricated by e-beam lithography was dominated by edge roughness and disorder, which considerably reduces their operation speed, as also evidenced by their low mobility 3 . However, with the rise of more precise nanofabrication techniques 6, 7, 8, 9 , as well as bottom-up synthesis 10, 11, 12 , such limitations can in principle be surmounted. Nevertheless, the realization of high mobility electronic devices based on semiconductor GNRs have proven particularly challenging. Classically, armchair graphene nanoribbons have been proposed as building blocks of FET devices, as ribbons of this orientation possess the largest quantum confinement band gap. However, for armchair nanoribbons even a single atomic row variation in their width can drastically alter the bandgap 13 . This implies that such devices are particularly sensitive to structural irregularities and disorder along their length. We propose here that by using zigzag-edge GNRs (ZGNRs) this limitation can be overcome.
The semiconducting nature of ZGNRs is related to interaction effects and their spin polarized edge states 14, 15 . The semiconducting state of ZGNRs at half filling, with oppositely spin-polarized edges, is robustly predicted by several theoretical models, including density functional theory (DFT) 15, 16, 17 , the mean-field approximation of the Hubbard model 14, 18 , exact diagonalization and quantum Monte Carlo simulation 19 , as well as density-matrix renormalization group algorithm (DMRG) 20, 21 . Furthermore the spin polarized edge states, in principle also enable us to gain access to the spin degree of freedom in such ribbons. It has already been shown that the magnetic configuration of ZGNRs can be tuned by using an external magnetic field 22, 23, 24, 25 or ferromagnetic electrodes 26, 27, 28, 29 , which can be exploited in various device applications such as spin valves, spin diodes, spin transistor and GMR devices.
However, controlling the device by means of external magnetic fields is technologically cumbersome, as compared to a more desirable electrical control. In this direction, Son et al. 30 reported the concept of a half-metallic ZGNR transistors that can carry fully spin polarized current, without the application of a magnetic field, only by using an in-plane external electric field across the ribbon. In this case due to the spatially separated edge states, the transverse electric field closes the gap for one spin orientation and widens it for the other, resulting in half-metallicity. Several calculations were performed using transverse electric fields for possible spintronic applications 31, 32, 33, 34 . However, from the device fabrication point of view the application of a homogeneous in-plane electric field across a few nanometer wide ribbon is technologically quite challenging and implies a large lateral device size, which is more difficult to integrate. It would be a huge technological advantage to control the spin signal in
ZGNRs by conventional back/top gate electrodes, involving a perpendicular electric field.
We propose that this can be achieved by exploiting a novel switching mechanism in narrow zigzag GNRs enabled by doping the ribbons (moving away from the half-filling). It is known that slightly above the antiferromagnetic (AFM) ground state energy a ferromagnetic (FM) configuration exists with parallel spin orientation on both edges 16 This is enabled by the fact that in contrast to the conventional FETs, where upon gating the electronic structure remains unchanged, only the charge density is modulated, in an interacting system the density of states depends strongly on the electron density. The main advantage of our device concept is that the carrier density in ZGNR can be easily tuned using a back gate electrode, therefore neither external magnetic field nor transverse electric field is required to control both the charge and spin currents in the device.
Results and discussion Figure 1 shows the schematic idea of the proposed device concept, comprising two nonmagnetic metal contacts and a back-gate electrode. A long, narrow, zigzag graphene nanoribbon of the width w is placed on a gate insulator which has a thickness d and a relative dielectric constant .
First, we calculate the electronic and magnetic properties of the ZGNR constituting the channel material of the device using the mean-field approximation of the Hubbard-model accounting for both the doping of the ribbon and the effect of finite temperature:
The first term is the nearest-neighbor tight-binding Hamiltonian, while the second term accounts for the onsite Coulomb repulsion. The effects of temperature and doping have been included in the third term through the grand canonical ensemble, where is the chemical potential, and ̂ the particle number operator. The electron density and the chemical potential were determined self-consistently with the interaction parameter U = 3.24 eV estimated from experiments 35 (see Supplementary Information). In the calculations we considered hydrogensaturated and relaxed edges similar to first-principles DFTcalculations 15 . A nanoribbon is a quasi-one-dimensional system, where quantum fluctuations can be significant; hence, it is not straightforward that mean-field theory can give an accurate description of the system.
However, for wide enough ribbons -like in our case -it has been shown based on QMC results 38 that mean-field theory gives quantitatively good description in the weakly interacting limit, U < 5.4 eV.
Using the above theoretical model, in a previous work, we were able to quantitatively interpret the sharp semiconductor-metal transition experimentally observed as a function of ribbon width in zigzag graphene nanoribbons defined by STM Lithography 35 . Now, using the same theoretical model, we found that the semiconductor (AFM)-metal (FM) phase transition can also occur as a function of charge carrier concentration. This finding is of huge practical importance, as the charge carrier concentration can be easily tuned, in contrast to the ribbon width, enabling us to exploit the opening of an interaction gap associated with the phase transition in device applications. Figure 2a shows the phase diagram of ZGNRs as a function of ribbon width and charge carrier density, as calculated from the Hubbard Hamiltonian above. Due to the fact that our lattices are bipartite, particle-hole symmetry is present; therefore, our results are valid both for the n-type or p-type doping. The most important finding is that for realistic ribbon widths of orders of nanometers, the phase transition occurs in the low doping regime ( 2 ~ 10 12 cm -2 ) which can be easily accessed experimentally by simple electrostatic gating. Concerning the magnetic properties of such ZGNRs, in the low doping regime we have found only two types of magnetic phases, AFM and FM, which are the result of the competition between band and interaction energies. 18, 39 . However, such doping levels are difficult to achieve in a solid gate device configuration.
To calculate the device characteristics besides the properties of the ZGNRs, the gate capacitance ( = 2 ⁄ ), which is the relationship between the applied gate voltage ( ) and the induced carrier density ( 2 ) at room temperature, has also to be accurately determined. Our detailed calculations reveal that besides the classical capacitance ( ), the quantum contribution ( ) is also significant, as it is often the case in nanoscale devices 40 (for details see Supplementary Information).
The quantum capacitance of the ZGNRs was numerically derived from our Hubbard calculations, while the classical capacitance of a w width ZGNR was calculated from classical To explore the transport characteristics of the proposed novel device, featuring a magnetic phase transition and interaction band gap, the interaction effects need to be incorporated into the transport calculations. This is not straightforward, as the widely used Landauer formalism was developed for non-interacting Hamiltonians. However, by using the mean-field approximation, the original many-body problem can be mapped to an effective single-particle
Hamiltonian to which the Landauer's method can be applied 45 . We have included into our calculations the effect of electron interactions by using the spin dependent Hamiltonian matrix elements from our Hubbard calculations. The conductance calculations between the source and drain contacts have been performed based on the Landauer formalism using the standard recursive Green's function technique:
where =↑, ↓ is the spin index, ( ) is the transmission coefficient from sub-band j in the source to sub-band i in the drain electrode at energy E, while f is the Fermi function. Figure 4 shows the spin dependent conductance as a function of charge carrier density 2 for the defect-free 20-ZGNR at =0K and =300K.
At T=0K (Figure 4a In Figure 4b we plot the conductance of the same 20-ZGNR at room temperature (T=300K). The effect of the temperature has two important effects: (1) it shifts the position of the AFM-FM (semiconductor-metal) transition, and (2) it modifies the shape of the conductance plateaus due to the broadened energy distributions of the incident electrons described by the Fermi-function. In contrast to the step-like transition of both charge and spin current for the T=0 K case, at room temperature both transitions become gradual, due to combined effect of the temperature and doping. In contrast to the sharp switching of spin polarization from 0% to 50% at low temperatures (0K), at room temperature the spin polarization degree of the current can be continuously tuned between 0 and 50% by sweeping the back-gate voltage. This provides us a fully electrical control through a simple back gate electrode over the spin polarization degree of the current, which could be exploited in future spintronic devices. In principle, such a ribbon could act as spin source replacing ferromagnetic electrodes, which would be a huge technological advantage and on the long run enabling all-graphene spintronic circuits 2 .
Beside the tunable spin polarization, the FET characteristics of the device are also interesting as it employs a novel switching mechanism. Instead of tuning the Fermi level in and out of the static bandgap of a channel material, we can dynamically open and close an interaction gap, with only a minor shift of the Fermi level. The calculated I on /I off ratio of a 20-ZGNR device is about ~10 5 at T=150K, but decreases to around ~10 2 at room temperature.
However, this value at room temperature can be significantly increased by using narrower ZGNR characterized by larger band gaps. For instance already a 10-ZGNR (w = 2.1 nm) has an I on /I off ratio of about 10 4 at room temperature, while this value reaches 10 7 at T=150K. To characterize the switching speed of such a device, we have also calculated its subthreshold swing = /( (log )). The value is defined to be the amount of change in gate voltage ( ) required to produce a 10x change in drain current ( ) in the low region, where the drain current has an exponential dependence. we note that the large I on /I off ratio and low subthreshold swing values of our device are similar compared to previously reported GNR FETs based on more complex structures including both armchair-and zigzag-edge segments 49 .
The above results clearly show that both the electronic and spintronic properties of such devices are predicted to be exceptional. However, from practical consideration it is very important to assess how robust such properties are against deviations from the ideal conditions. So far our calculations have been performed on ZGNRs with perfect edges. In reality, several types of deviations from the ideal zigzag edge structure can occur 50, 51, 52 . Since the operation mechanism of our device is based on the edge magnetism, edge defects and reconstructions that can completely suppress the spins at the edges, in principle, render our device inoperable. Nevertheless, the experimental observation of the AFM/FM transition (Fig 5a) . We note that a highly similar decrease of the edge magnetic moments was previously predicted for simple edge vacancies and impurities in GNRs 53 . The band structure (Fig 5b) and transport calculations on the highly defective 20-ZGNR at room temperature confirmed the persistence of the semiconductor-to-metal transition as a function of carrier density, and the current flowing through the device becomes spin polarized in a similar manner as for the defect-free ZGNRs. Consequently, the spinrelated device properties are predicted to be particularly robust against atomic scale edge disorder, as they persist up to extremely high edge defect concentrations of 40%. It is also very important to note, that the change in the ribbon width introduced by the edge defects only slightly changes the bandgap of such a ZGNR. This is in striking contrast with the case of armchair ribbons, where one atomic wide edge steps can induce an order of magnitude change in the band gap along the ribbon 13 . Consequently, not only the spin but also the electronic transport properties of ZGNRs are expected to be much more robust against edge disorder as compared to their armchair counterparts.
Conclusion
In summary, we have identified a novel switching mechanism in FET devices based on zigzag graphene nanoribbons, and demonstrated its feasibility to control both charge and spin currents by using a simple gate electrode. We have shown that such devices can switch a low 
